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Abstract of JP 2000047931 (A) 

PROBLEM TO BE SOLVED: To execute a 
generation garbage collection in a computer 
memory by generating a new route array through 
the use of a prescribed marker when reference to a 
second object Is stored after the execution of the 
second garbage collection. SOLUTION: When it is 
judged that a new generation pointer is not set 
(8746), the new generation pointer indicating that a 
pointer Is connected from an old generation to the 
new one, is set (747). Then, the route array is 
assigned and a card mark is set so as to indicate the 
assigned route array (S748). Then, whether route 
array assignment has succeeded or not is judged 
(S749), When the assignment of the route anray has 
succeeded, a route tracked by the route array is 
Inserted (S750). In the meantime, at the time of 
failure in assignment, the card mark indicating that 
the route an-ay overflows is set {S755), 
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tl/i^^SmtJiSa^tfeSo h Wy4 1 2 c[^l3i-C 40 
*-408fi:408g t^'^S^f^^ y^tmm^t\^ti: 
V^^-^, ;*-4 0 8 iRXlA 0 8 g iClii-tS ;^ * il 

loo 3 3] -«e<J»CV>oT. hWi'4 12(^ft$s 

ifeWc. ;b-4 0 8(^A-§$i*«l'*(c^35Brt|-Cfo5. 
;*-4 0 8(7>:*c#$(±. rti'e>(cpg;t$*i2)'b©-Ctt/j: 
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J^)2 O^n/'?^ hO;<^-!Jf--<X>e>if^]l 0 0 

-4 0 8(^^*y-t>-'fXfiiiiS)6 4^P/<l' hT'fc^). 
10034] *-4 0 8f41(C*-K4 2 0fc:^Sl]t'5 

*-K4 2 0lrfflv^5litwJ;o 
T, *--4 0 8±i?lltT$n5IB1fi:n;!^ — ti^ay^-y 

«r#fiSLTtl-r5. ;(7-4 0 8tlS!^»^, *-K4 2 
Otftt(^t-rX^f|ort*st?#?)„ fcf;L. *-K 
4 2 OOf-^-Xtt, iiil', iS^jl 0 0?'£V^U1 0 00/M 
hT**>5, 0l|x.tfs *'-4 0 8;6Sifft)6 4='fO/M 
^Uf'l'X^^i-Sl^. *-K4 2 0!5S«5j5 1 2/W 

[0 0 3 5] IBtWWicfc^JglcBai^^tSiEii, 

x^' h/6^f5fi1Sf^;;ryi^x^ Kco;'.e;4S5i{!:ft^J}^'l'y 

J;<fT9C:t*5f #5o w;it?-7-*-(ofia]t L-tr'- 
10 0 3 6} IBttft^*yrt<D*-KltBH|1-5;i-7'i? 
x^' h*»ibfr1ftf^^^-yi^o*:^i^xc? hfcoT^idJ^t 

Vh^o K-7-^'4 5 2<07U''l' 4 5 Oli, 
• 7 U-'f 4 6 0 ©7'->'l'4 6 4 t-^StlS/l"- f • 7 y 
-<4 6 0fc:Jit^S^-i'y^4 5 6tr-^tf„ *-K-7-^ 
4 5 2 It. at. h u-i" yp^%(D:h-{cmti, Hie: 

^^4 5 2tcMl':5(t6*i-5„ hi>^-icm%t?>t^X 

4 5 2k'^ts%^X\i'k%fl\^^^X 
fc. Kt-^' 4 5 20//W-7'AS*- K^-:^ 4 5 
207W4 5 0t*>5i:%x.t.ix5, ^JSt?i|-ei4. IS 
tft(CMat'5-t^X©;t?- Kv-i? 4 5 2 i!f57 U-^" 4 
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[0 0 3 71 nMM-^i-i. mtit^~ 4 5 2 a 

5. fctft. -m:.. K-T--^ 4 5 2 a ti. mo 

V\ K-T-^' 4 5 2 a Sr1»^1-5 b $:^;tOl 
;t»i, *-K-7-:?45 2 aOtTfi:tfy hLSBSr;* 

- kt-^ 4 5 2 a <o r^^«ij , fin*,. ±»mm^ lO 

5 2a (OftTfi t' y h 4 6 8 (1 Tj^giJ 7 7 ^Vhi. 
fiP*). STfitr'^- h4 6 8(i, *-K-7-^'4 
52a;4J, J; •?l!^t<SAtf. *- K-'?-^ 4 5 2 a t 
Siil-S (Bl4(c^^-rJ:9''^) m^tkiitir^,^ 

jPftSTK'f K^-^ 4 5 2 a iJiBSiStSI^- 

trails' h4 6 si^m^^hbt. bp%. tT^fj' 

h4 6 8/»5 roj icWi^^h^t. *-Kv-^4 5 2 

{0 0 3 8] *-K-v-^4 5 2 a<DftTffi*»5)-#S 
(^fy h4 7 0a, ffttf-^7 7^T-fot). ;*-K-r-^' 

4 5 2a Tifimm^ntmi^m^ y^ttt^t^^ii^ 

7 Oi>Wl^^fih t. roj (c^^^tv^t, * 30 

- Kv-;? 4 5 2 a ;0S|rtftt#i-5tt{^5fS^'l' 
^tfrtiiS^^cixSo STfiE*^?)Z#B(Dlfs' h4 7 2 

(±, ^M!l^-*3v^T, TffihV'r^'7 7^-cfc5o re 

hWy77^W. KT-iJ- 4 5 2 a h 

h4 7 2*5K:£$tl?>i. *-K^-^'4 5 2 a;!>5 
Tit h W y{i*l-r5*l' y ^ Sr^tf r iiiS^^ ti^.. 
ftTffl'i'bESSOfs' h4 7 4tt. *-K-^-^45 

2 ai}5|^i: hW"f yrtO<ti3Tti:o*-(c:*|-t'5jK'fy 40 

[003 9] %mm-^\i. *- h'-^-f 4 5 2 a iS^' 1) 
~VXhi>bnx.hiX^m^. *-K-^-:5'4 5 2 a 

K-7-^4 5 2 a;i5^ y-y^C^-a-, tTfi 
fcf7 h4 6 8, ftT{fi:;6>e.Zi=i»tf5' h4 7 0, ST 
ffi*»5)E#B«tV b4 7 2. Tiibmc, ST{a;!l>e)E3 50 
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#Sc>t'i/ h4 7 4tt, t'^Ti: rij (w^:£$^^■cv^ 
2), lrv^«|x.5i:s ;*-K^-^'4 5 2 a!5S^'y~:xt 
V'-r-if 4 5 2 aO«:T&4 ITS' h 

- K-7-:?4 5 2 aST/4 5 2 b tt^- U . ft 

[0 0 4 01 *-K-r-^4 5 2 a{C^*ix5^l9 2 8 
fl^Otfyh^, *-K^-^4 5 2 alcBiiS-r53J^'r>' 

6 0 $r7Ft/-K-l' i LTfllffl J: ^ l-l^ tl ^TT 

-^4 5 2 a?55 2 7 ITS' KOJS'I'y^ 4 7 8 tfWi^^y 
h4 8 0t^tfJ;5CLTtJ;V^ 27fs'hO/1?'fi' 
^4 7 8{i, K-?-i!'4 5 2 aid^PjyW- h • TW-f 

4 6 0a {CO/jl^S^/X'l' 4 5 6 a ^gJ^-tS. -'l'- 
h • 7U'-1'4 6 0 al4, 8 !7- KfcSV^tt 1 6 7- h'-C 
«^$^^TV^5^iJjs0V^„ ytfcL, ;u-h-7W'('4 

6 0 a K(0^(i1i*fC^I!^ffiT-^>5, 

-7^4 6 01*, mt. y^-h^c^•t5y77 

7H'4 6 0 ati> *-Kn'-^' 4 5 0 a}wHt5/W 
-h> L/ci5o-C, K^-^' 4 5 0 a IdggatS 

(Bi 4 id^T^i-i bm K%tSif f 

[0 04 1] jiS^i/l— h •7^'^4 6 0;*SV^-pf^^^<D 
Ou-h • 7 W©:t--'<-7D-j 755®::^^ 
%;te>n5<, fif^O/U- h • 7 U'l' 4 6 0 (C^&fitji-'<t 

ti^X'tti:\'\ y-;U4 6 4rtW7l'- h • 7 4 6 0 

»cM-t5^^>';5'©gft/!iK 7'-/U4 6 4rtT-fiI'?ST 
P>^^y^:ftJffl^ffiJ&;^- h • 7 u-T 4 6 O LTiiPJ>iJ 

^-Yro3^-y•<-7^-lm#,1-5*- Krt»:sKw' 

x<{_7o_;jlg-5i^ 2 7 Ify h©7j<.^>'^4 

7 8^S^|CS!:^$tlSo spt>, 2 7 t's/ h©jK^y^4 
7 8tC^Sn5 2 7iB(Ot;'5' foj (cgsi^^tv?.. 

[0042] it-^i?=' i^i"ya y^\cmmm%t 

fcfetcf'iltfs/ h4 80SrfflV^5wi:/!»5t:'#5„ 

-e, &.TicmM^mi>ox'iif£i^^ 

iK m^\t. ^<iK's/h4 8 0SrfflV^T*-K-7-;J'4 

5 2aCD^i^ (SMISI) ?r7i^-t-t,©T-fo5„ * 
--Kv-^4 5 2 alC-t5;n-54<'1'>^', m^ii. 2 7 
t^y hW^'('y^4 7 8ic:|iai-5t':y hO^«ri^t.t 
CilCioT. jaODW^iif y hiSJ*-K-7-:J'4 5 2 

[0 0 4 31 ^-K^-^'Ji. tttmc^sn-s^T'i^ 
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t-LTiNlif $^5 J: 9 ^IrMiftS J: 5 

10 044 J ^y\i=.-9-fu^=7K(n)%<fi^\z.-n-^ 
ffil'^S^, It. *-K-^-i!'(-J:oT#l$ti?>:t 10 

\.tit^r>X. 1^~^'yzi i/ g V^M^ 

T% ^wyn ^7 FT l-^5r»bt 

5r1#»Jt 5 ;i i: i^iiJ^gtc^j 5 * "C. ;^ r y 7' 5 0 3 T-T* 
{c, lit. p<*y&;i-:^i^x^' Krt|t9aT5*aS;45ff 

h\h\cii&mtmmf)^m^mo so 

[0 0 4 5] ifi^V'^mmi 
fc*ro^^!ii5^1Stilc-^xbix5o ^ry^S 04T\ 

'froA;'3;J5^^$n5<k. ;^r-;'y5 1 4T?, -^rO*- 

tfcJ:5«c, K^omyyi^. BP*,, A:^4 5 2 aO 40 
ft7{4f H 4 6 8?Sr^^1-5*!ia*5fffcix?,„ K 

5. V^'iJSStiiStuSi:, «!,a*S;^7^5'7'5 0 3 
W<^T1-5i:, ;^rj'7*5 0 2T?*-K-7-^' • 7W"f 
(0 0 4 61 ttz. tT'^Jx.^ hit^'O^X^tzl^O^ 
r>X. t:^'y=^^ h^rn'O^X^-E^m'^h^^'^s 50 



->:/5 0 6-C\ ^'o^xbfi^o^^tzfi^:^^ v\cnL 
x^'^wmix^^^'ji'^^^ix^'^in-m^om^mj 

iX XT -7 •/ 5 0 8 -e:t:/v'x >;V(n>m %xmt> 
h,. '}mh^7.'ry':t^0Z\xMr>X. %^-f^^if-^y 

(0 0 4 7jiM}o:, y^r y7°5 0 6T'Si|t)^Te>ix2>'< 

t.^^1t'%^\z.\%. Vmt. ;^rs'7'5 1 OKii/u-C, 

^ymm. wv^p^. *3^e.<iiiatt 
y^i/aynij^^m^-th^ 7,7^7^5 1 o-r-:^-'< 

t^aWi^yay^^ff Ufe^. basils 0 6 iCMoT. 

1 0 0 4 8 ] la 7 ^#1 UT. *^?q<^-||JS«ii|lC tfc 
^SoT. f}-^^J-:iU^'y3yco%^\z.^^.t^:^Ty 

7*6 0 4 T, «f1fi:ft;^*y l^-C;«f-^i^3W;?->3yis 

[0049J ;^Ty7*604 T«rttf^;*^-'<i^3 V 
sySr^fifLfc^, «i9li/^TS':/6 0 6{C3i;^, IB* 

-^'J^y^7'yByii■m^\:.•m^i^^, BP*>. 

1 0 0 5 0 J IBtt:ft;!/-'<-^3 3 

*-Y^—^y-ff^m^<^x\m^:^=i'}hxn^^^ 

^i}-^^y^yi;'y3y\zkm^ti:-)j^:tmmmxh 
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[0 0 5 1] ;^rs'7'6 0 ST-IBtt'f^*' — Sv'aU^'i/' 
8^5^71-5. BP*3, ^tail. laeco^rs'T'S 0 6IC 

1 0 0 5 2 1 H 8 tt. *«ll«W-||J£«»J{i Lfc;45o-C. 
^m\^ — «v'3W^->3 y^ajifCilf ^^TJ/T*. BP 
E!7<D7iT3':;^6 0 4ro8^;^^^f7i3-f^-^— h 

oJi®|;ti. Its >'i'-h(7)y 77 

^#9, W^)V-Vh'b\M;.^<r>>k(r»v-Yn'm\m 20 

(0 0 5 31 @:t/l'-h(7)ii®f^. T^T-y-fl 0 
ttft77^oi/^-ftv-4»*>5v>ttii5;/?Srirt-5*- K • T 
mx.\i, hi>^y htr r^^t^j tJt. « roj Sr-?: 

«r r^urtsj itt, n rij sr^-oify nciius 

itfcif ttft 7 7 J; tJ5?§S^ 7 7 V Jt^^fc •£ V Mi 

(4. ^!ta;557;T5':/7 0 4(cit;f*, ^OXMrnVk^fi 
(0 0 5 41 ;^TS'7'7 0 4r-A;^j;iSf5?fe§iHTV>5i 

t^rttttS. ;^r77'7 0 7T*- K/J5i? ii-^-efc 
L-y^t, ia;att;^Ty7'7 0 SfCii;^, ^CD 

(r, Ji^-h(r)mmiz.mm^:^Tyf{z.mtXit. 09 
n^tl^k. ^aStt. ;^Ty:/7 0 2fCji9, iJ^^n 
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[0 0 5 51 7.TVf7 0 AXXt!i)m^^flX\^fi:\<^ 

tltf, «!;a;«5;^r5'7*7 0 4*^e>/^r-;':/7 0 6ICit 
iV.. •?:coA;^{cM«•^•S/^- h • 7 U"i'd5;t-/<-7o 
-Lfcd»S*»:JS!|!ij;e$tl'5o :t-/^-7c2-Ujt/u-h 
•TU'fili. iiAO/v— hc7))fA«r§»tA4x?.0(C?E^ 

XMm%ti>^i-~ h '7U'^^>:t-y<-7tt-ii^mx 

(0 0 5 61 mWiX7.f*y:f7 1 \t^h7.'rv:fl i 8 
l-iS^, A;^J{cM^i-5^Dy^'ijJ^fe3E^tl. 

yy7 0 2icM"9, ;(7- K • 7 W W^SIr^tf UT. 

10 0 5 71 ;^T5'7"7 0 3T\ m^^i-K-h. BPt, if 
afcSft^SnfcftTtti^y hl:^t6A;'3;i5I,07i^^/j: 
Ir^JI'g'lCIl, -^T-v-fl 1 0T% t'<T(O^S!|$ilfc;*- 

a;is^7-r5o 

[0 0 5 81 -list-, <i;^3u^'->3:/{cw, ±if 

Sr#lLT. im^<n-'%Mmz\^t.t^'^X. -r><r))\^ 
-h^ii©F-r5McK#t5^f y7'&pai1-5, 
a-iJ^i^^tiSi. t-f. ;^r-;/y7 2 0T% ;!tf-^c; 

^(Ti-^y ^m.t'^ m&ifs'{y9^'m\^X\^7^1i^m^<n 
*iJ)t!4StT*D>i,5. BP*), *-K-7-^|c:gi«t5fl([ji7K 

(0 0 5 91 ^-y^m.tm^i^^y9^<m\.x^^h 

{cL/tiSoT, :^7'5'7'7 2 8-c?;<;-K-r-^jj53|]i$ 

n5. *-KT-^»Hffi!!taicBit5;^TS'7"fclL 
T(4, Ell O^^MLT, ^ai1-5o ^-K-r-^lrH 
fit, /i'-h©jiBI);*!!!a?:iii^7t5. 
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I0 0 6 0J 7 2ix^^y -f^mmmm^y 

fct. ^^Ts':^? 2 61?. •to/i'- h«:fftv>teS(cl 
Srt5o ;=^ry7°7 2 8T\ MaEt^*- K"''- 

[0 0 6 1] »;(c, *||§qc7)-*jSH5i)(cLfc*Sor, la 10 
1 0^iV^tlal 2Sr#figLT. K-r-^'OJIi&iia.a 

(-Ki-^.xry'/, EP*,, I2190;:^7'j/r7 2 SSriPili 

t0 0 6 2j mXyy^i)m%^fiX\'^i>i:7.Tyf 
7 4 QXn%tMz^, -^(DT-fvm 5 2-e, /P- 20 

-:^> ;^Ty7*7 5 4-C% /'V"- h • 7 W^5|,xo(^V>-C 30 
fcSi^NM^iiSi. Jagtt, :^7's'7'7 5 SJciiJ'd, 
/i^h • 7M©:t-/<-7o-:Sr^-f J;?lc> *-K 

10 0 6 3]-;^, T^y-vZtl A<oX^^i^fs4V91i^ 

^m^n^if^'iv^-k^^-fh, ftic, ;^r5':^7 4 
8T\ •7^^^flt>aTT, fiJOSTb^fc/i' 

-h • 7WSr*tU^^tJ:5lc;<'-K-r-^'«-|S:;tt 40 

5. ^aStt, ;^T-;/7'7 4 8;5^e>7;r-yy7 4 9^t)> 

©/u-h 'TVy{1i^-t'-A-yu^\,x\^^-Lb^7i^t 
J;5l-*-K-7-^'^|S::^t5„ ^ajxlf. /i—b .7U 
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I0 0 6 4J ;^7^5'7'7 4 0T-:iK<'y^*S|Bta:f^;4^b«r 
tt^Jco/f /is o T V ^^iv ^ t $ Mix T' 

-y7'7 4 2{Cii^, IHttf-tF^roTffiOhW-^y^rfgLTj^ 

IB1ftf^l*5roT{a[<0 hu-f y Srjf L^^ L-Cl. ^5 i *tj;t ^ 

%ii(ix\.^-^t^^ii--m\%mih^^, fftn7 7 ^'is 

ffi h w^' y7 7^t^W%^h,x\^^i)^'^i)^m\%^^ 

So ^»0ljT'li, TfiM^'fy77m, *-Kv-^ 

5*^^7pLTV^5o f'&.W4vyy^im.%^^X^^ 

Tffih Wy7 7i?'/!^5^^^t^TV^ 
'iv>iW^$tit«^{ctt, ;^^77'7 7 6t?, Tfth 
^-'^y7 7^'^lriS:^t5, y'^VvAV77^(nWL% 

(0 0 6 5] -;Sr, ;!^T5'::''7 6 0t?j|f1ftft77^'j!)S|S: 

7 6 6tcii*, Tfih Wy77i^^SK:S$tuTV^5;0> 

hit. ^(07.9-yf7 6 8X\ /v~ v 'jy-^^m*) 
^X. #lt)S-C?jiifc;p-h •7WSrflU^tJ;5lw 
*-Kv-i7^^Jt1-5. ftir. ;^7^-7y7 6 9T\ ^ 
UVV^- h ' TU'fO^tj^Xfj^^^LltA^fl^iitn-^ 
«<9ST;JSRg5!jL^«^{cii, ;^t?/7' 
7 7 0-e. -to/i— h • 7^-1'l-:^fc'iil*LTtfc;^- 
^;55ffSLT^^?'<^v^^lcfJ, yp-h • 7W-^'|Cii^/U 

Sr^TtS. -^r, T.fvfl 6 9f , ilfUVvi'- h • 
7 of) 9 ^ T IClfife^b U fa IttHi", y<y-y-fl 
^Qt^hT-ry-fl 6 2lc#t), /u- h . 7^^(0;t- 
~h •7W<^:r>-/^-7n-S:^i-i5t*-K-7- 

10 0 6 61 ;^rs':/7 6 6-c, Tffi h W vic-iitl-'S 
^K-r y^'0#fiSr:T^1-T& hW'i'y7 7i>'*siS:;t$nT 

- V • 7U^i)^t-y<~7a-LX\<^?>t^^^P(omi^t^ 
ni:>ilio /l^h • 7^^*5;i-w<-7n-UTV>5« 
•^(Cfi, 5'7'7 6 /I'- h • 7^'-1'cr)3}--/^'- 
7a-Sr*tJ:9f^:*-K•7-^';4S^^$i^5. 
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100 6 7] P^T-yZ^l 4 2T% ^K^ y^;iS|BttW<0 
Ttt^^'rv^:}§L7^UTV^*^^^:!|!lj;£$tLfc<|^, 
Ts'7'7 4 4-C\ I^-h Wyi^©TfS©;!;-^jK^y 

*!iai)5;^Ty7'7 8 0(cii;:f, J^rlS 

[0 0 6 81 ^f■•y:^7sox'^§imy^ym^^itl 
x\ m-\-i'^yyyift>i&M^fix\>^i>f)>^i)='mm 

-hi'^yy7ififim^inX\i^iWf^Kii. *-K^ 

9^/!i5lg;g$tiTV^/<cv^^^(c(3;, lK<r)7.Tv-fi 8 3 
xm-hy^yyy^%:I^Mt^, ^-W^yyy^ 

[0 0 6 9]-:^, ;^7'y:^7 8 0T'frtft77:/;!IS|S 
7 8 6 Tit h ^-f >'^©ff?£;Sr 

ri^SS^lctt, fe3i;J5y^rs':;^7 8 2{cii;^, II- h 

10 0 7 0] T'ffi: hL"l'>'7 7;7';!iS|§:^$tlTl'V^V^^ 
jfcV>S-^tl±, 40.]l;iS;^-f s/T"? 8 6/!i»?);^7'5/7'7 8 

S'7'7 8 8.T-, ■t«);i&-Kv-^;i5, l^-hW^COT 

W^;S5tfbti5, ll-M^'i'>'7 7^';i5iS:S$nTV^5 
t*ij;£$nfc#^tci±, mz.. ^7^5/7*7 9 0-C\ -i:<0 

/■?-7D-tTV^5^{Cfi. 7.fvyi 9 3T% ^-CD 
yu- h • 7 W:J5;i--/^-7D-tTV^'5wi:^^-ri 

tC. ;^T>;'7°7 9 2T-, •e»>'l'- h • 7 U-l" (CilSfC 
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WJwii^y^-h^lfAt^o i^^gfCltXT. 7*0 
•7H'|c:/k-hS:jfAL^c:^. *- K-v-j?^10ft 

[00 7 1] J^T^yr? 8 81?, ^-Yv^yy 
7/;!l5|S:J^^t^^T^^?:^^^iiHJ^t$i^Si:, ^fc. ;^r-7 
7"794-C% • 7^^:111 (JS-C, Kic, flUS 
Tetl.fcy^- h7 W*}tUTl-<t K-^-^-^ 
^^•fSo 9:(^;^Ts/7'7 9 6-r\ /p- h • 7 i^-Y ©fii 
«3 '^Xi^m)\.-k.1)--^1^m\^'h-fi^ii^, !V-V'T 
\^-(<nm^Xt'^miUi.i)^^1t^^. ^T>;/7*7 8 2 
-C, ;u-h • 7U'-i'(0;j--/^-7D-^7i?i-j: 
K-r-i?*sS:^§n5, /P—f- • 7V'('c7)H|i?S 

1 0 0 7 2 ] la 1 3S0«|gl 1 4 li, *^W<7)-||ji^tC 

y6 0 8<^S|iS]Sr^+7n-^^-hT'&?)o *-f. 
7^S'7'8 0 2f, @:^/P-h. fjfct)'^, *ll]i0ijT' 

\zm-i>y^Tyrf\t. El9;i:v^t|g|l 2S:#figLT, ± 
[0 0 7 3] jfelci, ;^T5':^8 0 4T% 3lr1ift;»»b©;i' 
- h<DP#^rjie|:t5o 2>Ct, iaa^JJ^TyT'S 0 4*» 

ej^^T^y^soeicii^, S!:^$ti^TffiM''f'y7 7 
i5'&lrt?>)JcoA;^o5ftS»:**i-5^i6(c, *-K- 
7W, gp^,, *-K-v-^<7>7W?rjt2-r5o 
;^T5':/8 0 8T% iKitSA;^, -f-tik^h. WL%^i\. 
ItTit h ^^yyy!f^tir^KM'^^r>1)^'o1t1>^1)^ 
tm'&^tih. ^S-t-5A;^^si,o*^ofct!iiiJ^$tLfc 
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1 Title of Inventioii 

Methods and Apparatus for Generational Dynamic Mwagemenb of 
Computer Memoiy 

2 Claims! 

1. A computer-implemented method &r dynamically managing memory 
assodated with a computer system, the memory including^ a first memory section 
and a second memory section that is divided into a plurality of blocks, the hbcks in 
the second memory section each having an a^odated marker^ the method 
comprising: 

performing a first garhago collection nn the fixst memory section; 

peifonning a second garbage collection on a selected one of the blocks in 
the second memory section; 

performing a third gaibagc collection on the selected block in the second 
memory section, wherein the third garbage collection includes determining whether 
the selected block includee a first object which referenoee a second object which is 
not included in die selected block based at leaat in part on a statue indicated by the 
marker associated with the selected block, wherein the status includes an 
indication of whether the reference to the second object was stored after the second 
garbage collection was performed; and 

when the refei^ence to the second object was stored after the second 
garbage collection was performed, creating a new root array using the selected 
marker. 

2. A computer-implemented method as recited in claim 1 wherein when it is 
determined that the first ot^ect does not rei^rence a second object which is not 
included in the selected block, the method farther iocludes releasing the eelected 
block. 
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3. A oomputer-implemented metbod as recited in one of daixos 1 and 2 
wherein when it is determined that the selected block includes a first object which 
references a second object, the step of performing the third garbage collection 
further includes: 

determining whether the second object is in the first memory section using 
the selected block marker; and 

when it is determined that the second object is in the first memory section, 
a root array associated with the selected block marker is updated to insure that the 
root array associated with the selected block marker includes a pointer to the 
second object. 

4. A computer-implemented method as recited in one of daims 1 and 2 
wherein when it is determined that the selected block indudee a first object which 
references a second object, the step of performing the third garbage collection 
fiurther includes: 

determining whether the second object is in the second memory section 
using the selected block marker; and 

when it is determined that the second object is in the second memory 
section, a root array associated with the selected block marker is scanned to identify 
references to other objects. 

5. A computer-implemented method as recited in claim 4 further including 
following the references to other objects. 

6. A computer-implemented method as recited in one of claims 1 and 2 
wherein the plxurality of blocks are arranged as a plurality of trains, the selected 
block being included in a first one of the plurality of trains, the step of performing 
the third garbage collection further including: 
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detemining whether the second object is in a second one of the plurality of 
trains based at least in part on the status indicated by the marker associated with 
tho block 

7. A computer-implemented method as recited in claim 6 wherein when it is 
determined that the second object is not in a second one of the plurality of trains, 
the method further includes releasing the second train. 

8. A compnter-implemented method as recited in one of claims 1 and 2 
wherein the plurality of blocks are arranged as a plurality of cars, the plurality of 
cars further being arranged as a plurality of trains, the selected block being 
included in a first one of the plurality of cars that forms a selected one of the 
plurality of trains, the step of performing the third garbage collection further 
including: 

determining whether the second object is in a second one of the plurality of 
cars that forms the selected train based at least in part on the status indicated by 
the marker associated with the block, 

9. A computer-implemented method as recited in claim 8 wherein when it is 
determined that the second object is not in the second car of the selected train, the 
method further includes releasing the second car. 

10. A computer^mplemented method for dynamically managing memory 
aasodated with a computer system, the memory being divided into a plurality of 
blocks, the blocks each having an associated marker, the method comprising: 

performing a first garbage collection on a selected one of the blocks; 

perfornoting a second garbage collection on the selected block, wherein the 
second garbage collection includes determining^ whether the selected block includes 
a first object which references a second object which is not included in the selected 
block based at least in part on a status indicated by the marker associated with the 
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aelected blocks the statue indicated by tho marker including an indication of 
whether the reference to the second object was stored after the first garbage 
collection was per£brnied; and 

wh«n the reference to the second object was stored after the first garbage 
ooUection was performed, creating a new root array using the sekctod block. 

11. A computer-implemented method as recited in claim 10 wherein when it is 
determined that the first object does not reference a second object which is not 
included in the selected block, the method further includes releasing the selected 
block. 

12. A oomputer*implemented method as recited in one of claims 10 and 11 
wherein the plurality of blocks are arranged as a plurality of trains, the selected 
block being included in a first one of the plurality of trains, the step of performing 
the garbage collection further including: 

determining whether the second object is in a second one of the plurality of 
trains based at least in part on the status indicated by the marker associated with 
the block; and 

when it is determined that the second object is not in a second one of the 
plurality of trains, the method further includes releasing the second train. 

13. A computer-implemented method as recited in claim 10 further including 
an additional memory section, wherein when it is determined that the second object 
is not included in the selected block> the step of performing the garbage collection 
on the selected block further includes determining whether the second object is 
included in the additional memory section based at least in part on the status 
indicated by the marker associated with the selected block. 

14. A computer-implemented method for allocating a selected object iu 
oomputer memory, the computer memozy including a first section^ a second section, 
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and an array of words aasodated with elements in the second section, the words 
being arranged to indicate whether the contents of their associated elements 

reference objects in the first section, the method comprising: 

determining whether the £brst section is suitable for the selected object to 
be allocated; 

allocating the selected object when it is determined that the first section is 
smtable for the object to be allocated; and 

performing a garbage collection in the first section whan it is determined 
that the first section is not suitable for the selected object to be allocated, wherein 
performing the garbage collection includes scanning the array of wordn to locatie 
selected words that indicate that their associated elements in the second section 
reference particular objects in the first section, and wherein the particular objects 
in the first section are retained during the garbage collection. 

15. A computer«implemented method as recited in claim 14 wherein when the 
selected markers that indicate that their associated elements in the second section 
reference the particular objects are located^ performing tho garbage collection in tho 
first section farther includes: 

following associations of roots within the associated elements in the 
second section, wherein following the associations of the roots includes updating the 
roots to new locations within the computer memory and updating the selected 
words. 

16. A computer-implemented method as redted in claim 16 wherein updating 
the selected words includes: 

determining when a selected one of the roots is in the second section and 
references a selected one of the particular objects is in the Sx&t section; and 

when it is determined that the selected root is in the eecond section and 
references the selected particular object in the first section, updating the selected 
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words to indicate that the selected root is in the second section and the selected 
particular object is in the first section. 

17. A eomputer-implemented method as recited in claim 14 further including: 
performing a garbage collection in the second section, wherein performing 

the garbage collection includes following aeeociations of roots associated with 
selected ones of the elements, the routs being associated with the new generation, 
whereby following the associations of the roots involves updating some of the worde 
in the array of words. 

18. A marker for use in a computer system including a first memory section 
and a second memory section that is arranged as a plurality of elements, the 
marker being associated with a first element selected &om the plurality of 
elements, the marker comprising; 

a first indicator arranged to identii^ whether the first selected element 
references an object contained within the first memory section, 

19. A marker for use in a computer system as redted in claim 18 further 
indttdmg a reference to the object, the reference to the object being a pointer to an 
array which contains an address for the object, 

20. A computer Qyatem compriaing: 

memory including a first memory section and a second memory section 
that is segmented into a plurahty of blocks; 

an array of markers, each marker corresponding to an associated bbck in 
the second memaiy section, the markers being configured to indicate when their 
associated blocks reference objects outside of thoir associated block; 

a set of root arrays, the root arrays being arranged to hold addresses of the 
objects, wherein selected markers firom the array of markers are associated with the 
set of root arrays; 
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a first garbage collectOT for reclaiming space within the first memory 
section; and 

a second garbage collector for reclaiming space within the second memory 
section based at least in part upon the status of the markers in the array of 
markers. 

21. A computer system as recited in claim 20 wherein a first niarker selected 
£eom the array of markers includes a section indicator that identifies when the 
associated block of the first marker references a first object . in the first memory 
section. 

22. A computer sytstem as recited in one of claims 20 and 21 wherein the 
plurality of blocks is arranged as a plurality of cars, the plurality of cars further 
being arranged as a plurality of trains. 

23« A computer system comprising: 

memory that ia segmented into a plurality of blocks; 

an array of markers, each marker corresponding to an associated block in 
the memory, the markers being configured to indicate when their associated blocks 
reference objects outside of their associated block; 

a set of root arrays, the root arrays being arranged to hold addresses of the 
objects, wherein selected markers firom the array of markers axe associated with the 
set of root arrays; and 

a garbage collector for reclaiming space within the memory based at least 
in port i^n the status of the markers in the array of markers. 

24. A computer program product for dynamically managing memory 
associated with a computer system, the computer program product comprising: 

computer code that performs a first garbage collection in a first memory 
section of tho computer; 



(30) ^§83 2 0 0 0 - 4 7 9 3 

M#^=PA5 2C 7 5 7 (8) 

computer code that performs a second garbage coQection on a second 
memory section of the computer* the second memory section being divided into a 
plurality of blocks, wherein the second garbage collection includes determining 
whether a block selected firom the plurality of blocks includes a first object which 
references a second object which is not included in the selected block based at least 
in part on a status indicated by the marker associated with the selected block; and 

a computer readable medium that stores the computer codes. 

25, A computer program pioduct for causing a processor of a computer Bystem 
to dynamically manage memory associated with the computer system, the computer 
program product comprising: 

con«)uter code that performs a first garbage collection in a fiarst memory 
section of the computer; 

computer code that performs a second garbage coUectioD on a second 
memory section of the computer, the second memory section being divided into a 
plurality of blocks, wherein the second garbage collection includes determining 
whether a block selected from the plurality of blocks includes a first object which 
refarences a second object which is not included in the selected btock based at least 
in part on a statue indicated by the marker associated with the selected block; and 

a computer data signal embodied in a carrier wave that represents the 
computer codes. 

8 Detailed Description of Invention 
!• Field of Invention 

The invention relates generally to the management of dynamically 
allocated memory in a computer system. More particularly, the invention relates to 
tracking references between separate sections of memory associated with a 
computer system such that automatic storfi^e-reclamatLon may be perfijrmed 
locally. 
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2. Description of the Relevant Art 

The amount of memoiy associated with a computer system is typically 
limited. As such, memoiy must generally be conserved and recydei Many 
computer programming languages enable software developers to dynamically 
allocate memorj'^ within h computer gystem. Some programming languages reqxure 
e:q)licit manual deallocation of previously allocated memoiy, which may be 
compHcated and prone to error. Languages which require e^qpUcit manual memory 
management include the C and C-H- pxogramming languages. Other programming 
languages utilize automatic storage-redamation to reclaim memory that is no 
bnger necesaary to ensure the proper operation of computer programs which 
albcafce memory from the reclamation system, Such automatic storage-reclamation 
systems reclaim memory without explicit instructions or calls from computer 
programs which were previously utihzing the memory. 

In object-oriented or object-based ^sterns, the typical unit of memory 
allocatioa is common^ referred to as an object or a memory object, as will be 
appreciated by those skilled in the art. Objects which are in use are generally 
referred to as "live" objects, whereas objects which are no longer needed to correctly 
execute computer programs are typically referred to a "garbage" objocte. The act of 
redaimihg garbage objects is commonly referred to as garbage collection, while an 
automatic storage-reclamation system is often referred to as a garbage collector 
Computer programs which use automatic storage-reclamation systems are known 
as mutators due to the &ct that such computer programs can change live memory 
objects during execution. Computer programs written in languagoe such nn the 
Java™ programming language (developed by Sun Microsystems, Inc. of Pab Alto, 
Califemia) and the Smalltalk programming language use garbage collection to 
automatically manage memory. 

Objects typically contain references to other objects . As such, an area of 
computer memory which is managed by a garbage collector will generally contain a 
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set of objects which reference one another, Figiire 1 is a diagrammatic 
representation of an area of computer merooiy which contains objects. A managed 
area of memory 10, which is typically a heap associated with a computer system, 
includes objects 20, In general, an object 20 may be referenced by other objects 20. 
By way of example, object 20a has a pointer 24a to olxiect 20b. Object 20c also has a 
pointer 24b to object 20b, As such, object 20b is referenced by both objects 20a and 
20c. 

A number of external references into memory 10« As shown* a fixed root 
30 which is external to memory 10 includes pointers 34 to objects, a^:, objects 20a 
and 20c, located in memory 10, AH objects, as for example objects 20a-d, which may 
be reachable by following references from fixed root 30 are considered to be live 
objects. Alternatively, object 20e, which is not reachable by following references 
from fixed root 30, is characterized as a garbage object. 

Garbage collectors are typically implemented to identify garbage objects 
such as object 20e. In general, garbage collectors may operate using a number of 
different algorithms. Conventional garbage collection algorithms include reference 
counting collectors, mark sweep collectors^ and copying collectors. As will be 
appreciated by those skilled in the art, during garb^ collection, when objects 20 
are moved» refisrences to objects 20 must be adjusted accordingly. 

It is often beneficial to separate a managed memory area into smaller 
sections to enable garbage collection to be performed locally in one area at a time. 
One memory partitioning scheme is generational garbage collection, in which 
objects are separated based upon their lifetimes as measured from the time the 
objects were created. 'Tounger" objects have been observed as being more likely to 
become garb«^ than *'older" objects. As such, generational garbage coflection may 
be used to increase the overall efficiency of memory reclamation. 
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Figiire 2 is a diagramsaatic representation of an interface between a root 
and memory whicli is partitioned into a new generation and an old generation. A 
memory 110, whicli is typically a heap that is associated with a computer system, 
includes a new generation 110a and an old generation 110b. A fixed root 114, or a 
global object which refierences objects within either or botih new generation 110a 
and old generation 110b, mclndee pointers 116 to objects 120 in new generation 
1 10a, as ehown, Root 114 may be located on a stack, as will be appreciated by those 
skilled in the art. 

Some ol^ects 120 within new generation 110a, as for example object 120a, 
may also be considered as roots, since object 120a is assumed to be live and includes 
a pointer 122 to another object 120d. When new generation object 126 ie live and 
points to old generation object 128, garbage collection performed in old generation 
110b does not generally "coUeclf object 128. However, if new generation object 126 
is dead, a garbage collection performed in new generation UOa will result in old 
generation object 128 becoming unreachable, since old generation object 128 will 
not be pointed to by any other object. If old generation object 128 is unreachable, 
then garbage collection performed in old generation 110b will result in the 
collection of old generation object 128, It shoald be appreciated that pointer 130, 
which points between new generation object 126 and old generation object 128 is 
eonsidfired to be an intOT-generational pointer, since pointer 130 spans both new 
generation 110a tod old generation 110b* When pointer 180 points from new 
generation object 126 to old generation object 128,. bid generation object 128 is 
considered to be tenured garbage, as old generation ol^ect 128 is not collectable 
using new generation garbage collection. 

Another memory partitioning scheme involves separating memory into 
smeller areas in order to reduce the amount of time required for a single garbage 
collection to be performed. Pauses caused by garbage collection often tend to 
disrupt an associated mutator and are, therefore, imdesirable. In some systems. 
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the garbage coltector may be able to provide a goaranteed smaU maximum paixee 
duration. Such garbage oolkctors associated axe known as real-time garbage 
collectors. In other systems, the garbage coflector may attempt to keep pause times 
small, but may feil to do so in some situations. Garbage collectors which attempt to 
keep pauee times emaU aro known as non-disruptive or incremental garbage 
collectors. 

In order to operate on an individual memory area, a garbage collector 
must have knowledge of aU references into that area. References into an area are 
referred to as roots for that area. It should be appreciated that iwrts may include 
both external references, egi. fixed roots, and references firom other aroas of 
computer memory. Accordingly, garbage colloctore generally provide mechanisms 
for finding and traddng roots, or references. 

One method of locating references into a memory area involves scanning 
through aU objects in memory. For most systems, scanning through all objects in 
memoiy is prohibitively time-oonsuming. As such, a more elaborate tracking 
scheme is often required. 



Whenever a mutator stores a reference into an object, additional 
processing may be implemented in order to track references for garbage collection 
purposes. ITiis additional processing is known as a write barrier or store check. In 
order for efficiency of the mutator to be maintained at an acceptable level, the costs 
associated with the write barrier must be kept as low as possible. 

One way of tracking references into a memory area involves maintaining a 
set which holds aE roots for the area. Such a set Is generally known as a 
rememborod sot for the area. The associated write barrier will detect when a 
reference into an area is stored. Accordingly, the write barrier will insert the 
location of the reference into the remembered set associated with the area. 
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Figxire 3 is a diagrammatic representation of pointers between objects in a 
new generation and objects in an old generation which are tracked iising a 
remembered set A memory 302 is divided into a new generation 302a and an old 
generation 302b. A remembered set 304 is used to track pointers 314 which point 
from old generation objects 310 to new generation objects 312. The address of old 
generation object SlOa is stored in remembOTed set 304, as old generation object 
310a includes pointer 314a to new generation object 312b. Similarly, the address of 
old generation object 310b, which includes pointers 814b and 314c to new 
generation objects 312b and 312a, respectively^ is also stored in remembered set 
304. 

Locating roots for garbage collection is straightforward when a 
remembered set is used, since the remembered set will contain all of the roots. 
However, the use of a write barrier is often expensive, as excess memory may be 
required. Also, when a new location is to be inserted into a remembered set. it is 
possible that the particular location may already be present within the remembered 
set. Checking the remembered set for duplicate locations prior to inserting a 
location is expensive. On the other hand, eliminating a check for duplicate 
locations may cause the remembered set to grow imnecessarily large. As will be 
appreciated by those skilled in the art, there is generally no upper bound on the 
number of duplicates which a remembered set may hold. When a reference to a 
location is to be stored, the location often already contains a previous reference. As. 
a result, a remembered set entry that is associated with the location prior to a 
storage operation will generally become invalid following the storage operation. 
Removing an old entry may prove to be a costly operation in some situations, 
whereas leaving an old entry in place may result in the occupation of excess 
memory by a remembered set. 
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Ancther scheme whicli is often used for tracking refeirences into a memoiy 
area is known as card marking. In general, card marking involves conceptually 
dividing, memory into rclativEly small parts caUed cards. A garbage collector wiU 
then allocate an array of bits with one entry per card When a reference is stored, 
the write barrier will compute the corresponding card array entry and set the 
associated bit. This process is known as "dirtying" the card. It should be 
appreciated that for efBciency reasons, a byte or a word array are often used in lieu 
of a bit array. 

One advantage of using card marking is that the write barrier is relatively 
cheap. Another advantage of using card marking is that the amount of memory 
required for the card array is fixed. However, the processing required for locating 
roots at garbage collection cima is often significant, e.^., more processing is required 
than would be ifor a system which utilizee a remembered set. The garbage collector 
only knows approximately where reference stores have occurred. That is, the 
garbage collector only knows where the card marking array has dirty entries. Once 
a dirty entry is identified, the correepondir^ cards must be scanned for roots. 
Although scanning a card for roots is generaEy much cheaper than scanning an 
entire memory, scanning the card is still often costly. As will be understood by 
those skilled in the art, when a garbage collector kxjates a root, the corresponding 
card array entry must be kept dirty in order for the root to be located tiie next time 
garbage collection is invoked. 

A combined sdieme may use remembered sets and card marking. A write 
barrier will perform card marking as described above. However, at garbage 
collection time, the garbage collector will construct remembered sets for each card. 
When garbage collection is oompietedi the card marking array may then be cleared. 
Using a combined remembered set and card maridng scheme reduces the amount of 
scanning required for subsequent garbage collections, thereby increasing the overaU 
efficiency of garbage collection proceeaea. However, the implementation of such 
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schemes ie often oomplicatccL Therefore, what is desired jb a method and an 
apparatus for efficiently implementing a combined remembered set and card 
marking scheme. 



SUMMARY OF THE INVENTION 

The present invention relates to methods and apparatus for performing 
generational garbage collection within computer memory. According to one aspect 
of the present invention, a computer-implemented method for dynamically 
managing memory which includes a first memory section and a second memory 
section that is divided into a plurality of blocks each having an associated marker, 
includes performing a ftrat garbage collection on the first memory section. The 
method also includes performing a second garbage collection on a selected one of the 
blocks in the second memory section. A third garbage collection is performed on the 
selected block in the second memory section. The third garbage collection includes 
determining whether the selected block includes a first object which references a 
second object which is not included in 1*e selected block based at least in part on a 
status indicated by the marker associated with the selected block. The btatus 
includes an indication of whether the reference to the second object wag stored after 
the second garbage collection was performed, and if the reference to the second 
object was stored after the second garbage collection was performed, a new root 
array is created using the selected marker. 

In accordance with another aspect of the present invention^ a computer- 
implemented method fcr allocating a selected object in computer memory involves 
detennimng whether a first section of the memory is suitable for the selected object 
to be allocated, and allocating the selected object when it is determined that the 
first section is suitable for the ol^ect to be allocated The method also involves 
performing a garbage collection in the first section when it is determined that the 
first section is not suitable for the selected object to be allocated. Performing the 
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garbage coUectiuzi in the first section iziclndes scamung an array of words to locate 
a selected word that is arranged to indicate that a first root associated with the 
word references an object which akeady exists in the tncimory. 

In accordance with still another aspect of the present invention, a 
computer system includes a memory arranged as a first memory section and a 
second memory section, where the second memory section is divided into a plurality 
of blocka Such a computer system also includes a processor that is coupled to the 
memory, and a first garbage collector which is associated with the first memory 
section. A second garbage collector associated with the second memory section is 
arranged to perform a garbage collection on a selected block whicli had an 
associated marker that is arranged to indicate whothor the selected block includes a 
first object which references a second object that is not included in the selected 
block. The selected markers is associated with a root arrays which hold address of 
the object when the object references the second object that is not in the selected 
block. In one embodiment, the second garbage collector is arranged to use the 
marker to idontifsr whether tho socond object is in ike first memory secdon. 

These and other advantages of the present invention will become apparent 
Tipon reading the following detailed descriptions and studying the various figures of 
the drawings. 



DETAILED DESCRIPTION OF THE EMBODIMENTS 

The invention; togetiber with further advantages thereof may best be 
understood by re&reiuie to the Mlowii^ description taken in conjunction with the 
accompanying drawings. 

Garbage collection is used to dynamically allocate computer memory for 
use by a computer program. In general, garbage collection causes pauses in the 
execution of the program. One appared^us for reducing tho pauec-timos associated 
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with garbage collection is to divide the memozy into a plurality of generations. By 
way of example^ in a two generation memoxy etructure, the memory may be divided 
into a new generation, which includes newly allocated objects, and an old 
generation, which includes older objects. It should be appreciated that, newly 
allocated objects tend to die more quickly than older objects. As such, garbage 
collection may be performed more often in the new generation than in the old 
generation. TVpically, the new generation is relatively small compared to the 
overall size of the memory. Accordingly, garbage collection within the new 
generation may typically be performed without causing substantial interruptions 
during the execution of a program. 

While garbage coUection in the new generation may not result in 
significant pause-times, garbage collection in the old generation may stiU cause 
significant pauses during the execution of a program, since the old generation is 
typically larger than the new generation. Further, if inter-generational pointers 
firom oldects in the old generation to objects in the new generation exist, then the 
inter-generational pointers are often tracked while a program executes. The inter- 
generational painters are tracked since objects in the old generation that are 
associated with such pointers are considered to be roots of the new generation, The 
tracking of the pointers, or references, from objects in the old generation to objects 
in the new generation is often complicated and, therefore, time-consuming. 

By dividing old generation memory into smaller areas, or blocks, pause* 
times associated with old generation garbage collection may be reduced. Old 
generation garbage collection may be performed in a specific block of old generation 
memory each time old generation garbage collection is performed. By limiting the 
blocks in which old generation garbage collection ie performed, and by collecting 
garbage in different blocks each time old generation garbage collection is 
performed, the efficiency of the old generation garbage collection may be enhanced. 
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Ad previously mentioned, old generation memoj^ is divided into blocks to 
£EiciIitate old generation garbage cdlection. Each time old generation garbage 
ooUeetion ia performed, the old generation garbage caSeotion is performed on any 
suitable block. That is, old generation garbage collection may be performed 
incrementally. In one embodiment, garbage collection may be performed on the 
oldest block in which garbage collection has not been performed. In smother 
embodiment, garbage collection may be performed on the block in which garbage 
collection has been performed least recently. 

With reference to Figure 4a, the division of memory into blocks within an 
old generation wiU be described in accordance with an embodiment of the present 
invention. An old generation 404 includes blocks 408 of memory. The blocks of 
memory are typically allocated on an as-needed basis. That is, additional blocks 
are allocated when substantially all existing blocks 408 are full. Blocks 408, which 
contain objects associated ynib a particular program, are often referred to as ''cars.'' 
Blocks or cars 408 are arranged' in linked sets which are known as *%raim^' 412. For 
example, train 412a includes cars 408a, 40ab, while train 412b includes cars 408c, 
408d, 408e, and train 412c indhides cars 408f and 408g. 

Cars 408 within trains 412 are generally ordered based upon when a 
particular car 408 was added to a particular train 412. For example, within train 
412a, if car 408b is added to train 412a after car 408a, car 408a is considexed to be a 
lower car in the same train as ear 408b. Siznilarly, trains 412 are generally also 
ordered based upon when a particular train 412 is created. As shown, if train 412b 
is added to memory 404 after train 412c, then train 412c is a lower train with 
reject to train 412b and, therefore, cars 406c, 408d, 408e, within train 412b. 

' An algorithm which uses trains 412 to perferm garbage collection within 
old generation 404 typicalb^ collects a set number of cars 408 at a time. In the 
described embodiment^ only a single car 408 is collected during each old generation 



(41) #M 2000-47931 

ga#-^= PA52C757 ^^i;^ (19) 

garbage coUectioii, although it should be appreciated that any suitable number of 
cars may be collected d\uing each old generation garbage collection. By collecting 
one car 408 at a time, the overall length of old generation garbage coUecfcion, andj 
therefore, the pause-times associated with old generation garbage collection is 
essentially boimded. Hence, the lengthy pause-times that axo typically associated 
with old generation garbage collection may be reduced by collecting only a set 
number of cars 408 during each old generation garbage collection. 

In general, in order to perform garbage collection in cars 408, all pointers 
which either ozigiiiate in, or access objects within, each car 408 in old generaticm 
memory are tracked. One method for tracking pointers will be described below with 
respect to Figure 4b. When a particular car 408 which is to be collected includes a 
hve object, the object is copied into a train 412 which either points to or is pointed 
to by the object. Then, once the copy of the object is made, the ^'original'' object is 
collected or reclaimed. In general, when a selected train 412 no longer hae pointers 
outside of itself, the selected train 412 may be eliminated, i'a, the memory 
allocated to the selected train 412 is freed. Similarly, when a selected car 408 no 
longer has pointers outside of itaelC the selected car 408 may be eliminated* 

In the described embodiment, the size of cars 408 within a given train 412 
is fixed. That is, all care 408 may be of substantially of the same size. Therefore, 
since a single car 408 may not have enough space to accommodate linked objects, an 
object 416a in one car 408, e.g., car 408f, may be linked to an object 416b in a 
second car 408, e.^., car 408g. During an old generation garbage collection, objects 
416a, 416b are likely to survive, since objects 416a, 416b are in separate cars 408, 
and reference each other. As such, an old generation garbage collection may not 
result in the collection of cars 408f, 408g. Hence, memory associated with cars 4G8f, 
408g will not generally be freed unless pointers between cars 408f, 408g within 
train 412c are tracked. 
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In general, the length of trains 412, as well as the sisEe of cars 408 may be 
widely vasiedL The size of cars 408 may depend on fectors which, include, but are 
not limited to, the size of bid generation 404, the speed of the gai*bage collection 
algorithm, and the speed of the computer running the garbage collection algorithm. 
By way of example, car sizes on the order of approximately 20 kilobytes of memory 
to approximately 100 kilobytes of memory work well in current systems^ In the 
described embodiment, cars 408 include approximately €4 kilobytes of memory. 

Cars 408 may generally be divided into cards 420 which may be used to 
facilitate old generation garbage collection perfomed on cars 408, as will be 
described below with rei^GCt to Figure 4b. Cards 420, like cars 408, msy take on 
any suitable size, although cards 420 may often include approximately 100 to 
approximately 1000 bytes. For example, for cars 408 which indude approximatdy 
64 kilobytes of memory, cards 420 may include approximately 512 bytes. 

The eflficien<gr of tracking inter-generational pointers which point from old 
generation objects to new generation objects may be improved by providing storage, 
or markers, that are associated with the different areas within the old generation. 
In one embodiment, a marker is a word that may indude a flag which is set to 
indicate whether an associated portion of a particular area includes a pointer into 
an object in the new generation. The use of such words provides an efi&dent 
etructxire which may be used to track inter-generational pointers from objects in the 
old generation to objects in the new generation. Although a marker is described as 
being a word, it should be ^preciated that a marker may be any suitable storage 
type, as for example bits, bytes, and the like* 

In order to track inter-generational pointers fi^m objects associated with 
cards in old generation memory to olijccts in now generation memory, cards may be 
provided with ''tracking structures," The tracking structures, or card marks, may 
be used to identify whether inter-generational pointers exist for a card, and also 
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which objects within the card ioclude the pointera. Figure 4b is a diagrammatic 
representation of an array of card marks and an associated pool of root arrays in 
accordance with an embodiment of the present invention, A root array is generally 
a small array which contaias root locations which are specified as offeets relative to 
a card. In other words, a root array is essentially a small, remembered set. An 
array 450 of card marks 462 includes pointers 456 to root arrays 460 contained in a 
pool 464 of root arrays 460. Card mkrks 452 are generally associated with a car 
within a train. Specifically, a car within a train may be divided into a number of 
cards that hold old ^reneration objects. As such, a car within a train may be 
associated with many card marks 452. A grouping of card marks 452, which may or 
may not indude all card marks 462 associated with a car, is considered to be an 
array 4H) of card marks 452. In the described embodiment, array 450 includes all 
card marks 452 associated with the old generation. 

In the described embodiment, a card mark 452, as for example card mark 
462a, is a 32-bit word» although it should be appreciated that card mark 452a may 
generally be a word of any suitable length. Alternatively, the data structure that 
constitutes the card mark may be divided into a number of components. Although 
tiie bits which make up card mark 452a may be assigned in any manner that is 
appropriate to a particular application, in one embodiment, the lowest bits, or least 
rignificant bits, of card mark 452a are used as flags which essentially identify the 
"status," or overall condition, of card mark 462a, A bwest bit 468 of card mark 
452a is a "dirty flag. That is, kwest bit 468 is generally arranged to indicate 
whether card mark 452a or, more specifically, a card (as shown in Figure 4a) 
associated with card mark 452a, is "dirly.'' Dirty cards are cards where pointers 
have been stored since the last garbage collection. Such pointers may indude, but 
axe not limited to, an inter-generational pointer which points fixim dd generation 
memory into new generation memory, a pointer to a lower train, and a pointer to a 
lower car in the same train that is associated with card mark 452a. When bwest bit 
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468 is set, Le., whea bwest bit 468 is set to '*0." the indication is that card mark 
462a is dirty* 

A second lowest bit 470 of card mark 452a is a new generation flag, and is 
used to indicate whether card mark 452a includes an inter-generational pointer to a 
new generation. When second lowest bit 470 is set, io., set to "0", the indication is 
that card mark 462a includes an inter-generational pointer to a new generation. A 
third lowest bit 472 is a lower train flag in the described embodiment. The lower 
train flag ie arranged to indicate whether card mark 452a has a pointer into a lower 
train, When the lower train flag, or third lowest bit 472, is set, the indication is 
that card mark 452a includes a pointer into a lower train. A fourth lowest bit 474 
is a same train flag that is arranged to indicate whether card mark 462a includes a 
pointer into a lower car in the same train. 



In the described embodimeat, in order for card mark 452a to be considered 
dean, card mark 462a generally may not include a pointer which points from an old 
generation to a new generation, a pdLnter into a lower train, or a pointer into a 
lower car of the same train. As such, towest bit 468, second lowest bit 470, third 
lowest bit 472, and fourth lowest bit 474 all have values of "1" in the event that 
card mark 452a is dean. In other words, the lowest four bits of card mark 452a are 
deared when card mark 462a is dean. Thareibre, as shown, card marks 4a2a, 452b 
are clean, whereas card mark 462c, whidi has a lowest bit that is set, is dirty. 

The remaining twenty^ight bits in card mark 452a may all be allocated 
for use as a pointer that points to an associated root array 460 which essentially 
holds addresses of pointers associated with card mark 452a, Alternatively, as for 
example in the described embodiment, card mark 452a indudes a 27-bit pointer 478 
and a reserved bit 480. 27-bit pointer 478 identifies pointer 456a which points 
from card mark 452a into root array 460a, Root array 460a is often either made up 
of eight words or sixteen words, although the number of words in root array 480a 
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may be widely varied. Eoot arrays 460 are generally arranged to hold referenoes to 
roots. By way of es:ample, root array 460a holds roots associated with card mark 
450d and, hence, a card (as shown in Figure 4a) that is associated with card mark 
450a, 

When a suitable root array 460 is full, then a **root array averflow** is said 
to occur* When too many roots are to be stored in a given root array 460, the roots 
are no longer tracked. A root array overflow generally occurs when the volxime of 
pointers to root arrays 460 in pool 464 is excessive with respect to the root arrsQrs 
460 available for allocation in pool 464* As a result, when performing garbage 
collection, the pointers in with the card associated with the root array overflow are 
then typically searched to identify roots. When a root array overflow occurs, 27-bit 
pointer 478 is set to null. That is, the twenty-seven bits in 27-bit pointer 478 are 
set to ''O.'' 

Beserved bit 480 may be used fbr any nuinber of suitable purposes which 
may or may not be directly related to garbage collection processes. Suitable 
purposes include, but are not limited to, using reserved hit 480 to indicate the age 
of card mark 452a. It should be appreciated that additional reserved bits may also 
be included in card mark 462a by redudng the number of bits associated with the 
pointer in card mark 452a, e.g,y 27-bit pointer 478. 

Card marks are used in conjunction with a garbage collection process to 
track cards within a car which include inter-generational pointers to objects in a 
new generation. In one embodiment, dujring the execution of a computer program, 
the card marks may be updated to enable the card marks to remain substantially 
current. Then, during a garbage collsctioni the card marks may be checked to 
identify cards with inter-generational pointers. 
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When card marks are used to facilitate a garbage coUectton process during 
the executiorL of a computer program, the card marks are generally both searched 
and updated to identify objects refoTenccd by the card marks. Re&rring next to 
Figxire 5» the steps associated with executing a program which uses garbage 
collection will be described in accordance with an embodiment of the present 
invention. Prior to executing a program, a card array that is associated with the 
program is initialized in step 502. In one embodiment, a card array, which is 
associated with a car, includes card marks, or references to card marks, associated 
with objects used by a program, as mentioned above with respect to Figure 4b. Ae 
such, a card array is generally used to track objects used in the program* After the 
card array is initialized, the program is executed in step 503 until it is desired 
either to allocate an object or to store a pointer fur an object. Allocating an object 
generally involves assigning memory to an object, whereas storing a pointer Boss an 
object involves storing a pointer to another object within a first object. 

During execution, there will periodically be instructions to store a pointer. 
When a pointer is to be stored, as represented by step 604, in step 512, an entry in 
the card array which corresponds to the object whose pointer ia to be stored is 
identifiied. Once the card array entry ie identified, the card array entry is marked 
as dirty in step 514. Markii^ the card array entty, ie„ ceurd mark, as dirty involves 
setting the dirty flag of the entry, i.e., lowest bit 468 of entry 452a as was described 
above with respect to Figure 4b. After the card mark is marked as dirky, the 
pointer is stored in step 516 using any suitable method. Once, the pcdnter is 
written, process flow returns to step 603 where the program continues to exBcute. 
When the program temoinates, any re-execution of the program will begin again at 
step 502 where an array of card marks is initialized. 

Execution alao generally provides instructions to allocate an oi^ect. In one 
embodiment, returning to step 504, when an object is to be allocated, a 
determination is made in step 606 as to whether enough new generation memory is 
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in existence for the object to be allocated. If it ie determined in step 606 that there 
is enough new generation memory for use in allocating an object, then an object is 
allocated in step 608, and process flow returns to step 503 where a determination is 
made regarding whether there is a pointer to be stored. 

If the determination in step 506 is that there is insufELcient new 
generation memory for an object to be allocated, then process flow proceeds to step 
510 where garbage collection is performed. During garbage collection, new 
generation memory, and possibly old generation memory, may be cleaned to release 
sections of new generation memory such that an object may be allocated. Although 
it should be appreciated that any suitable garbage collection method may be used, 
one particularly suitable garbage collection method will be described below with 
respect to Figure 6. After garbage collection is per&rmed in step 510, process flow 
returns to step 506 where a determination is made regarding whether garbage 
collection has provided enough new generation memory for an object, /.e., the object 
whose allocation was deemed necessary in step 508) to be allocated. 

With reference to Figure 6, the steps associated with performing garbage 
collection wiU be described in accordance with an embodiment of the present 
invention. That is, step 510 of Figure 5 will be described. Garbage collection may 
be performed in both new generation memory and old generation memory to "free 
up'' enough memory space to enable an object to be allocated. If the system on 
which garbage collection is to be performed is a multithreaded system, then the 
threads are synchronized in step 602 using any suitable method. Once any threads 
which require synchronization are synchronized, garbage collection is performed 
within the new generation memory in step 604. The steps associated with one 
method of performing such a new generation garbage collection will be described 
below with reference to Figure 7a. 
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After the new generation garbage coIlectioD is perfbrmed in step 604» 
process flow proceeds to step 606 where a determination is made regarding whether 
it is necessaij to perform garbage collection for old generation memory. In the 
described embodiment, old generation garbage collection is performed periodically. 
That is, after predetermined amounts of time have elapsed, old generation garbage 
collection is performed. In other embodiments, however, different or additional 
criteria may be used in the determination of whether old generation garbage 
collection is needed. 

If it is determined that old generation garbage collection is needed> then 
old generation garbage collection using a card marking scheme is performed in step 
608. Although methods associated with garbage collection performed on old 
generation memory using a card marking scheme may be widely varied, one 
stiitable old generation garbage collection method will be described below with 
respect to Figuros 8a and 8b. 

Once old generation garbage collection is completed in step 608, the 
overall process of performing garbage cDllection to enable an object to be allocated is 
completed. Therefor©, process flow proceeds to step 506 of Figure 5, which is the 
determination of whether enough new generation memoiy is available for an object 
to be allocated. Similarly, if the determination in step 606 is that no old generation 
garbage collection is needed, process flow also proceeds to step 606 of Figure 5. 

Figure 7a is a process flow diagram which illustrates the steps associated 
with a new generation garbage collection, ie?.. step 604 of Figure 6, in accordance 
with an embodiment of the pre^nt invention. In step 701, fixed roots are foUowed. 
As previously mentioned, fixed roots are roots, ag:, live objects on a stack, which 
directly point into the new generation memory or the old generation memory which 
is being cleaned through garbage collection. Following fixed roots typically entaUs 
transitively foUowmg references of the roots. The actual steps associated with 
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foUowiog roots, fixed or otherwise, will be descaibed below with respect to Figures 
7b^7e. 

After the fixed roots are followed, the card array is scanned in step 702 to 
locate the next entry in the card array with either or both a dirty flag or a new 
preneration flag that is set. As previously described, in one embodiment, ''setting'' a 
bit refers to assigning a value of "O*' the bit, whereas "clearing" a bit refers to 
assigning a value of **r the bit. In step 703, a determination is made regarding 
whether an entry, or a card mark, with either or both a new generation flag or a 
dirty flag that is set has been found, if such an entry has been found, then process 
flow proceeds to step 704 where it is determined whether the entry is dirty. 

If the determination in step 704 is that the entry is dirty, then the card 
associated with the entry is marked as dean in step 707, It should be appreciated 
tliat marking a card as clean implies marking the card mark associated with the 
card as dean. After tiie card is marked as dean in step 707, process flow proceeds 
to step 708 where aU objects in the card are scanned to locate roots which are then 
fallowed. As previously mentioned, the steps associated with following the roots 
win be discussed with reference to Figures 7b-7e below. Once the roots are 
followed, process flow returns to step 702 where the card array is scanned to locate 
the next entry, /.a, card mark, with either or both a dirty flag or a new generation 
flag that iR set. 

If the determination in step 704 is that the entry is not dirty, then the 
entry has a new generation flag that is set. In other words, the entry indudes an 
inter-generational pointer. If the entry is not dirty, process flow moves from step 
704 to step 706 where a determination is made regarding whether the root array 
associated with the entry has overflowed. An overflowed root array is a root array 
which does not have include enough space to accept the insertion of an additional 
root. Ef it is determined that the root array associated with the entry is overflowed, 
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then process flow moves to step 707 where the card associated with the eutiy is 
marked as clean. 

Fit>m step 714, process flow moves to step 718 in which the block 
associated with the entry is scanned, and the roots associated with the block are 
followed. Then, process flow returns to step 702, which is the step of scanning the 
card array to look for the next entry in the card array with the lowest bit set to zero. 

When a suitable entry, that is, an entry with the lowest bit set to zero, is 
not found in step 708» then the roots within the new generation memory axe 
followed until all copied objects have been scanned in step 710. Once all copied 
objects have been scanned, the new generation garbage collection process is 
completed. 

In general, garbage collection uivolves following roots, as previouefy 
mentioned. Keferring next to Figure 7b, the steps associated with fbflowing a single 
root will be described in accordance with an embodiment of the present invention. 
The process begins with a determination in step 720 of whether the root points into 
a memory area in which garbage collection is occurring. If it is determined that the 
root does not point into an area that is being garbage collected, then the process of 
following the root is completed, On the other hand, if the determination in step 720 
is that the root does indeed point into an area in which garbage collection is 
occurring, then, in step 721, a determination is made as to whether the header field 
of the card mark holds a forwarding pointer. That is, a determination is made 
regarding whether a new memory location is identified by a forwarding pointer 
associated with the card mark. 

If the determination is that the header field does hold a forwarding 
painter , then process flow moves (tarn step 721 to step 722 where the root is 
updated to the new Incation identified by the forwarding counter. After the root is 



(50 <I#M 2000-47931 

Sa#-^=PA5 2 C 7 5 7 ^-S? (29) 

iQ>dated, the card mark is updated accordingly in step 728. The stepB associated 
with updating a card mark will be described below with reference to Figure 7c. 
Once the card mark is updated, then the process of following a root is completed* 

Returning to step 721, if it is determined that the header field does not 
hold a forwarding pointer, then the object identified by the root is copied to a new 
location, and a forwarding pointer ie inserted in the header of the object in step 724. 
The forwarding pointer identifies the new location of the object. When the 
forwarding pointer has been inserted in the header, the root is updated to the new 
location in step 726. Then, in step 728, the associated card marking is updated, and 
the process of following a root is completed. 

With respect to Figures 7c-7e, the steps associated with updating a card 
mark, i.e., step 728 of Figure 7b, will be described in accordance with an 
embodiment of the present invention. In step 740, a determination is made as to 
whether the pointer points from the old generation to the new generation. If the 
pointer does point fSrom the old generation to the new generation, then in step 746, 
it is determined whether the new generation flag is set to indicate that there is a 
pointer from the old generation to the new generation. 

In step 752, a determination is made regarding whether the root array 
has overflowed when it is determined in step 746 that the new generation flag is 
set. If the root array is overflowed, then the process of updating a card mark is 
completed. If, however, the root array is not overflowed, then a determination is 
made in step 754 as to whether the root array is full. If it is determined that the 
root array is not full, process flow proceeds to step 760 in which the root, ie., the 
root that is being followed, is inserted into the root array, and the process of 
updating a card mark is completed. If the root array is determined to be full in step 
754, then process flow moves to step 755 where the card mark ie set to indicate that 
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there is an overflow of the root array. AEfcer the card mark is seL, the card mark 
update prooesB is completed. 

Returning to step 746 and the determination of whether the new 
generation flag is set, when it is determined that the new generation pointer is not 
set, then in step 747, the new generation pointer is set to indicate that the pointer 
points from the old generation to the new generation* A root array ie allocated and 
the card mark is set to point to tho allocated root array in step 748. From step 748, 
process flow proceeds to step 749 which is the determination of whether the 
allocation of the root array was succesBfol. If the allocation of the root array was 
suocessfuly then the followed root is inserted in the root array in step 750. On the 
other hand, if the allocation of the root array was not successful, then process flow 
proceeds to step 765 where the card mark ia set to indicate that the root array is 
overflowed. In one embodiment, setting the card mark to indicate that the root 
array is overflowed involves setting the pointer, i.e., the 27-bit pointer^ in the card 
mark to null. 

If the determination in step 740 was that the pointer does not point fxxm 
the old generation to the new generation, then process flow proceeds to step 742 
which is the determination of whether there is a pointer which points to a lower 
train in tho old generation. If it is determined that the pointer points to a lower 
train in the old generation, then a determination is made in step 760 as to whether 
the new generation flag is set to indicate that there is a pointer from the old 
generation to the new generation. If the indication is that the new generation flag 
is set, then process flow proceeds to step 775, which is the determination of whether 
the lower train flag is set. In the described exubodiment, the lower train flag is the 
third Lowest bit in the card mark, and indicates whether the pointer points into a 
lower train, as described above. If the determination is that the lower train flag is 
set, the process of updating the card mark is completed. Attematively, if the 
determination is that the lower train flag is not set, then the lower train flag is set 
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in step 776, Onco the lower train overflow flag is set, then the card marlc npdate 
proceBB is completed. 

If it is determined in step 760 that the new generation flag is not set, then 
process flow mnvefl to stop 766 where it is determined whether the lower train flag 
is set. If the determination in step 766 is that the lower train flag is not set, then 
the lower train flag is set in step 767 to indicate the existence of a poiator to a lower 
train. Once the lower train flag is set, a root array is allocated and the card mark is 
set to point to the allocated root array in step 768, A determination is then made in 
step 769 regarding whether the allocation of the new root array was successfuL If 
the allocation was successful^ then in step 770, the foUowed root is mserted in the 
root arrajr, in the event that the root is not already present in the root array. Then, 
the process of updating the card mark is completed. On the otker hand, if the 
allocation of a new rout array in step 769 was not successful, then process flow 
mofvee from step 769 to step 762 where the card mark is set to indicate a root array 
overflow. After the card mark is set to indicate a root array overflow, the process of 
updating the card mark is completed. 

Returning to step 766, if the determination is that the lower train flag xe 
Bet to indicate that there is a pointer to a lower train, then a determination is made 
in step 772 regarding whether the corresponding root array is overflowed. If the 
root array is overflowed, then the card mark is set to iadicate a root array overflow 
in step 762. Alternatively, if the root array is determined not to be overflowed in 
stop 772, then the followed root is inserted in the root array in step 770, if the root 
is not already present in the root array. 

Referring back to step 742, which is the step of determining if o pointer 
points to a lower train in the old generation, if it is determined that a pointer does 
not point to a lower train in the old generation, then in step 744, a determination ie 
made as to whether a pointer points to a lower car in the same train. If a pointer 
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does not point to a lower car in the same train, then the card mark update process 
is completed. If, however, the determioation is that a pointer does point to a lower 
car in the same train, then process flow proceeds to step 780, which is the 
determinaticm of whether the new generation flag is set to indicate that there is a 
pointer to a new generation. 



If the indication in step 780 is that the new generation flag is set, then a 
determination is made in step 782 as to whether the same train flag is set. That is, 
a determinatioti is made regarding whether there is a pointer into a lower car of the 
same train. If the earn© train flag is set, then the process of updating a card znark 
is completed. Alternatively, if the same train flag is not set, then the same train 
flag is set in step 783. Once the same train flag is set, then the process of updating 
a card mark is completed. 

When it is determined in step 780 that the new generation flag la not set, 
then process flow proceeds to step 786 where a determination is made regarding 
whether the lower train flag of the card mark is set to indicate that there is a 
pointer to a lower train. If the lower train flag is set, then process flow proceeds to 
step 782 where a determination ie made regarding whether the same train flag is 
set. 

if the lower train flag is not set, or indicates that pointers to a lower train 
are not in existence, then process flow moves from stap 786 to step 788 where a 
determination ie made regarding whether the same train flag of the card mark is 
sot. Step 788, in other words, is the determination of whether the card mark 
indicates that there is a pointer to a lower card of the same train. If it is 
determined that the same train flag is set, then in atep 790, it ie determined 
whether a root array assodatod with the card mark is overflowed. If the root array 
is overflowed, then the card mark is set to mdicate that the root array is overflowed 
in step 793. Altematiyeiy, if it is determined that the root array is not overflowed. 
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then, in step 792, the root is inserted in the root array in the event that the root is 
not already present in the root array. After the root is ineerted in the block array, if 
necessary, the pxcx^ss of updating a card mark is completed. 

Returning to step 788, if it is determined that the same train flag is not 
set, then a root array is allocated in step 794. Further, the card mark is set to point 
to the allocated root array. In step 796, it is determined whelher the allocation of 
the root array was successful. If the allocation of the root array was not successful, 
then the card mark is set to indicate a root array overflow in step 782. On the other 
handy if the allocation of the root array was successful, then process flow proceeds to 
step 792 where the root is inserted into the root array, if the root is not already 
present in the root array. . 

Figures 8a and 8b are process flow diagrams which iUustrate the steps 
associated with performing garbage collection in old generation memory, i.e., step 
808 of Figure 6, in accordance with an embodimsnt of the present invention. In 
step 802, fixed roots or^ in this embodiment, roots which directly point into old 
generation memory, are followed. The steps associated with fallowing the fixed 
roots, according to an embodiment of the present invention, were described above 
with respect to Figures 7b-7e. 

Roots from the new generation are followed in step 804. That is, the 
associations of roots which point from the new generation to the old generation are 
fidlowed. Process flow moves from step 804 to step 806 in which the card array, or 
the array of card marks, is flcanned in order to locate the next entry which has a 
lower train flag that is set. In step 808, it is determined whether euoh an entry, Le,, 
an entry which has a lower train flag that is set, has been found. If it is determined 
that such an entry has been found, then a determination is made in step 812 
regarding whether the entry that was found has either, or both, a new generation 
flag that is set or a root array which is overflowed. If either, or both, the new 
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generation flag is set or a root array is overflowed, then in step 814,, ail the objects 
in the card are scanned for roots, and the roots are followed. Again, the steps 
associated with following a root were previously discussed with respect to Figtires 
7b-7e. After the roots are followed, process flow returns to step 806 where the card 
array is scanned to locate the next entry which has a lower train flag that is set. 

If it is determined in step 812 that the entiy, i.e., card mark, that was 
found in step 808 does not have a new generation flag that is set or a root array 
that is overflowed, then process flow moves to step 816 where the root associated 
with the entry is scarmed, and the roots associated with the root array are followed. 
After the roots are followed, the card Etrray is scanned in step 806 for the next entry 
which has a lower train flag that is set. 

Returning to step 808, if scanning the card array looking for an entry 
which has a lower tmixL flag that is set results in no entry being finind, then in step 
820, the roots are followed within the old generation untfl all copied objects have 
been scanned* In one embodiment, objects in one train which are referenced from 
other trains are copied into those trains. When all copied objects have been 
scanned, a determination is made in step 830 regarding whether a root which 
points into the lowest train was encountered during the scanning process. If the 
determination is that a root into the lowest train was not enoountiared, then the 
entire lowest train is released in step 840. In other words, old generation memory 
held by the lowest brain is freed. The entire lowest train may be freed due to the 
fact that if no pointers into the bwest train exist, the lowest train contains only 
garbage. It should be appreciated that cyclic structures which reference each other 
and are located in different cars of the same train may be collected when the entire 
lowest train is freed. Once the entire lowest train is freed, the steps associated with 
an old generation garbage collection are completed. 
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If it is determined in step 830 that a root into the lowest train was 
encountered, then in step 832, the card anray is ecanned to look for the next entzy, 
ie,j card mark^ which hae a same train flag that ie set. In step 834, a 
determination is made regarding whether an entry with a same train flag that is 
Bet hae been fovind. If the determination is that an entry with a same train flag 
that is set has not been found, then the roots are followed within the old generation 
until all copied objects have been scanned in step 836. Scanning all copied objects 
involves, in one embodiment, a transitive search for pointers.. Once all copied 
objects have been scanned, the lowest car in the lowest train is released in step 837, 
and an old generation garbage collection process is completed. 

Returning to step 884, if the determination is that an entry, or card mark, 
with a same train flag that is set has been found, then process ftow proceeds to step 
838 where a determination is made regarding whether the entry has a new 
generation flag that is set, a lower train flag that is set, or a root array that is 
overflowed. If the entry has any of or all of a new generation Qag that is set; then 
in step 850, all objects in the card are scanned for roots, which are followed. Once 
the roots are followed, process flow returns to step 832 where the card array is once 
again scaimed to look for the next en1a:y which has a same train flag that is set. 

U the determination in step 838 is that the entry found in step 834 does 
not include a new generation flag that is set, a lower train flag that is set, or a root 
iarray that is overflowed, then the root array associated with the entry is scanned in 
step 856, and the roots in the root array are followed. After the roots are followed, 
process flow returns to step 832 whore the card array is scanned to look for the next 
entry which has a same train flag that is set. 

It should be appreciated that a compute program which uses inter- 
generational garbage collection in accordance with the present inventbn may be 
implemented on a variety of difiEerent computer eysteme. Figure 9 illustrates a 
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tj^ical, general purpose computer system suitable fox unplementing the present 
invention. The computer syetem 930 includes any number of processors 932 (also 
referred to as central processing units, or CPUs) that are csoupled to memory devices 
including primary storage devices 934 (typically a read only memory, or ROM) and 
primary storage devices 936 (typically a random access memory, or RAM). As is 
well known in the art, ROM acts to transfer data and instructions uni-diiectionally 
to the CPU 932, while RAM is used typically to transfer data and instructions in a 
bi-directional manner. Both primary storage devices 934, 936 may include any 
suitable computer-readable media. A secondaiy storage medium 938, which is 
typically a mass memoiy device, is also coupled bi-directionally to CPU 932 and 
provides additional data storage capacity. The mass memory device 938 is a 
compnter-xeadahle medium that may be used to store programs including computer 
code, data and the like and is typically a storage medium such as a hard disk or a 
tape that are generally slower than primary storage devices 934, 986. Mass 
memory storage device 938 may take tke form of a magnetic or paper tope reador or 
some other well-known device. It will be appreciated that the information retained 
within the mass memory device 938, may, in appropriate cases, be incorporated in 
standard fashion as part of RAM 936 as virtual memory. A specific primary storage 
device 934 such as a GD-ROM may also pass data uni-directionally to the CPU, 

CPU 932 is also coupled to one or more input/ouQ)ut devices 940 that may 
include, but are not limited to, devices such as video monitors, track baQs, mice, 
keyboards, microphones, touch-sensitive displays, transducer card readers, 
magnetic or paper tape readers, tablets, styluses, voice or handwriting recognizers, 
or other well-known input devkses such as, of course, other computers. Finally, 
CPU 932 optionally may be coupled to a computer or telecommunications network, 
e,g., an Internet network or an intranet network, using a network conoaection as 
shown generally at 912, With such a network connection, it is contemplated that 
the CPU 932 might receive information from the network, or might output 
information to the n^twork in iJie course of performing the above-described method 
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steps. Such information, which is often represented as a sequence of instructions to 
be executed using CPU 932, may be received from and outputted to the netwox'k in 
the form of a computer data signal ombodiod in a carrier wave. Tho above- 
described devices and matenals will be ^miliar to those of skill in the computer 
hardware and software arts. 

Although only a few embodiments of the present invention have been 
described, it should be understood that the present invention may be embodied in 
many other specific forms without departing from the spirit or scope of the 
invention* By way of example, steps involved with new g:eneratii)n garbage 
collection and the old gesiieration garbage collection may be reordered. Steps may 
also be removed or added without departing from the spirit or the scope of the 
present invention. 

While generational garbage collection has been described as being 
performed in a new generation and an old generation of memory, generational 
garbage collection may be performed over many genera^tions of memory. That is, 
generational garbage collection methods of the present invention may be performed 
on memory that ie divided into multiple generations, e^., a new generation, an 
'intermediate generation," and an old generation, which are segregated by the age 
of objects within each generation. It should be appreciated that for embodiments in 
which there are multiple generations^ an inter-generational pointer may generally 
point between any two generations. 

The card mark has been described as being a S2-bit word which includes a 
27-bit pointer, a reserved bit, a same train flag, a lower train flag, a new generation 
flag, and a dirty flag. However, it should be appreciated that the card mark may be 
varied without departing from the i^irit of the scope of the present invention. For 
example, the card mark may include fewer than 32 bits or more than 32 bits, 
depending at least in part upon the particxdar requirements of a givsn system. 
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Alternatively, the bits within a card mark may also be widely varied. By way of 
example, in one embodiment, the 32-bitd witiiin a caxd mark may mchide a 26-bit 
pointer and two "status indicator" bits, or tag bits. The stat\xs indicator bits may be 
arranged such that different combinations of values for the status indicator bits 
indicate whether a card mark is dirty, dean, includes a new generation pointer, or 
does not include a new generation pointer. The card mark may also include a lower 
train flag which indicates whether there are any pointers to a lower train, a same 
train flag which indicates whether there are BXiy pointers within a given train to a 
lower car in that train, a lower train overflow flag, and a same train overflow flag. 

Further, althou^ the lowest bits within a card mark are described as 
being flags which are used to indicate, for example, whether the card mark is dirty, 
as described above, it should be appreciated that the flags within a card mark may 
be located in any suitable position within the card mark. The bite which represent 
flags may be the highest bits within a card mark. Alternatively, the bits may be 
interspersed throughout a card mark. 

Although the size of a car in old generation memoiy has been described as 
being fixed, it should be appreciated that, in one embodiment, the size of a cax may 
be dynamically allocated. That is, the size of a car may be determined based upon 
the particular requirements of objects which are to be placed within the car. By 
way of example, the size of a car may be allocated during the course of garbage 
coUection process to minimize the number of pointers which originate with objects 
within the car without departing from the spirit or the scope of the present 
invention. 

It should be appreciated that conventional methods for garbage collection 
may occasionaUiy be implemented witiiin old generation memory. By way of 
example, in some cases, it may be possible for old generation memory to become 
full. When old generation memoiy is foil, performing old generation garbage 
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collection on a car may not free up a BufEtcient amount of memory for immediate 
use. As 8uclx» a conventional garbage collection process, such as a mark sweep 
collection process, may be implemented to free as much old generation memory as 
possible in the event that the old generation memory ia full without departing from 
the spirit or the scope of the present invention. Therefore, the present examples are 
to be considered as illustrative and not restrictivB, and the invention is not to be 
limited to the details given herein, but may be modified within the scope of the 
appended claims along with their full scope of equivalents. 



4 Brief Description of Drawings 

Figure 1 is a diagrammatic representation of an area of computer memory 
which contains objects in accordance with prior art. 

Figure 2 is a diagrammatic representation of an interface between a loot 
and memory which includes a new generation and an old generation in accordance 
with prior art. 

Figure 3 is a diagrammatic representation of a memory which is 
associated with a remembered set in accordance with prior art. 

Figure 4a is a diagrammatic representation of an old generation memory 
which is segmented into trains in accordance with an embodiment of the present 
invention. 

Figure 4b is a diagrammatic representation of an array of card marks and 
an associated pool of root arrays in accordance with an embodiment of the present 
invention. 

Figure 5 is a process flow diagram which illustrates the steps associated 
with executing a computer program in accordance with an embodiment of the 
present invention. 

Figure 6 is a process flow diagram which illustrates a process of 
performing a garbage collection, i.e., step 510 of Figure 5, in accordance with an 
embodiment of the present invention. 
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Figure 7a is a process flow diagram which illustrates the steps associated 
with a garbage collection in new generation memory, le.^ step 604 of Figure 6, in 
accordance with an embodiment of the present invention. 

Figure 7b is a process flow diagram which illustrates the steps associated 
with fDllowiug a single root in accordance with an embodiment of the present 
invention. 

Figures 7c.7e are a process flow diagram which illustrates the steps 
associated with updating a card mark, ie., step 728 of Figure 7b> in accordance with 
an embodiment of the present invention. 

Figures 8a and 8b are a process flow diagram which illustrates the steps 
associated with performing an old generation garbage collection, i.e., step 608 of 
Figure 6, in accordance with an embodiment of the present invention. 

Figure 9 is a diagrammatic representation of a computer system suitable 
for implementing the present invention. 
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1 Abstract 

The present invention relates to methods and apparatus for performing 
generational garbage collection within computer memory. According to one aspect 
of the present invention, a computer-implemented method for dynamically 
managing memory which includes a first memory section and a second memory 
section that is divided into a plurality of blocks each having an associated marker, 
includes performing a first garbage collection on the first memory section. The 
method also includes performing a second garbage collection on a selected one of the 
blocks in the second memory section. A third garbage collection is performed on the 
selected block in the second memory section. The third garbage coUectiion includes 
determining whether the selected block includes a first object which references a 
second object which is not included in the selected block based at least in part on a 
status indicated by the marker associated with the selected block. The status 
includes an indication of whether the reference to the second object was stored after 
the second garbage collection was performed, and if the reference to the second 
object was stored after the second garbage collection was performed, a new root 
array is created using the selected marker. 



2 Representative Drawing 
Fig. 5 



